The assemblage of specific ion channels and receptors at synaptic sites is crucial for signaling between pre-and postsynaptic cells. However, the mechanisms by which proteins are targeted to and clustered at synapses are poorly understood. Here we show that the product of the Drosophila discs-large gene, DLG, is colocalized with Shaker K ϩ channels, which are clustered at glutamatergic synapses at the larval neuromuscular junction. In heterologous cells, DLG can cluster Shaker-type K ϩ channels, and, in the yeast two-hybrid system, the DLG PDZ1-2 domains bind directly to the C-terminal tail of Shaker proteins. We also demonstrate that DLG-Shaker interactions are required in vivo for Shaker clustering at the neuromuscular junction. Synaptic clustering of Shaker channels is abolished not only by mutations in dlg but also by a mutation in Shaker that deletes its C-terminal DLG binding motif. Analyses of various dlg mutant alleles suggest that channel clustering and synaptic targeting functions depend on distinct DLG domains. These studies demonstrate for the first time that DLG plays an important role in synaptic organization in vivo that correlates with its ability to bind directly to specific membrane proteins of the synapse. Signal transmission between neurons and their targets depends on the appropriate organization of proteins involved in neurotransmitter release and postsynaptic signal transduction (for review, see Froehner, 1993; Hall and Sanes, 1993) . For example, localization of presynaptic Ca 2ϩ channels in close proximity to active zones allows rapid vesicle exocytosis after Ca 2ϩ influx. At the postsynaptic membrane, clustering of ionotropic neurotransmitter receptors in regions apposed to the presynaptic terminal allows the generation of postsynaptic depolarizations sufficient to trigger action potentials (Froehner, 1993) . The mechanisms by which proteins become so precisely organized in synapses, however, are mainly unknown. At the vertebrate neuromuscular junction (NMJ), clustering of postsynaptic acetylcholine receptors (AChR) seems to be mediated by direct interactions with the protein rapsyn (Apel and Merlie, 1995) . In the vertebrate CNS a clustering protein, gephyrin, which is required for aggregation of glycine receptors at inhibitory synapses, also has been identified (Khuse et al., 1995) .
Signal transmission between neurons and their targets depends on the appropriate organization of proteins involved in neurotransmitter release and postsynaptic signal transduction (for review, see Froehner, 1993; Hall and Sanes, 1993) . For example, localization of presynaptic Ca 2ϩ channels in close proximity to active zones allows rapid vesicle exocytosis after Ca 2ϩ influx. At the postsynaptic membrane, clustering of ionotropic neurotransmitter receptors in regions apposed to the presynaptic terminal allows the generation of postsynaptic depolarizations sufficient to trigger action potentials (Froehner, 1993) . The mechanisms by which proteins become so precisely organized in synapses, however, are mainly unknown. At the vertebrate neuromuscular junction (NMJ), clustering of postsynaptic acetylcholine receptors (AChR) seems to be mediated by direct interactions with the protein rapsyn (Apel and Merlie, 1995) . In the vertebrate CNS a clustering protein, gephyrin, which is required for aggregation of glycine receptors at inhibitory synapses, also has been identified (Khuse et al., 1995) .
The diversity of synaptic proteins and the heterogeneity of neuronal synapses, however, predict that components in addition to rapsyn and gephyrin are required to assemble a functional synapse (Hall and Sanes, 1993) . Recent studies suggest that a family of mammalian membrane-associated guanylate kinases (MAGUKs), including PSD95/SAP90, also may subserve such a role (Cho et al., 1992; Kistner et al., 1993 ) (for review, see Budnik, 1996; Garner and Kindler, 1996; Gomperts, 1996) . PSD95/SAP90 is localized at synapses, and in vitro it interacts directly with NMDA receptors and Shaker-type K ϩ channels (Kim et al., 1995 Kornau et al., 1995; Niethammer et al., 1996) .
MAGUKs are multidomain proteins that contain three PDZ domains, a src homology 3 (SH3) domain, and a guanylate kinaselike domain (Woods and Bryant, 1991; Doyle et al., 1996) (for review, see Woods and Bryant, 1993; Budnik, 1996) . Direct binding occurs between specific PDZ domains of PSD95/SAP90 and the amino acid motif ET/SXV (in which E denotes glutamate, T/S threonine or serine, X any amino acid, and V, valine) at the C terminus of NMDA receptors (Kornau et al., 1995; Niethammer et al., 1996) and mammalian Shaker-type channel subunits (Kim et al., 1995) . Coexpression of Shaker-type K ϩ channels or NMDA receptors with PSD-95 in cultured heterologous cells results in the formation of K ϩ channel or NMDA receptor clusters (Kim et al., 1995 . These results have led to the speculation that PSD95 mediates the aggregation of specific membrane proteins at synaptic sites. However, in vivo studies are, so far, lacking that would prove this hypothesis and demonstrate the specificity of such a role.
discs-large (dlg) is a Drosophila homolog of the PSD-95 MAGUK. It also contains three PDZ domains and is localized in the fly CNS and in glutamatergic synapses at the larval NMJ (Woods and Bryant, 1991; Lahey et al., 1994; Budnik et al., 1996) . Moreover, Drosophila Shaker channel subunits also contain a C-terminal ETDV sequence like their mammalian Shaker coun-terparts (Pongs et al., 1988; Schwarz et al., 1988) . Because a variety of mutations in both genes exist, the Drosophila system offered an opportunity to determine whether DLG actually is involved in the synaptic localization of Shaker K ϩ channels in the intact organism.
MATERIALS AND METHODS
Fly stocks. Flies were raised at 22-25ЊC in standard cornmeal/molasses media. The following stocks were used for these studies: y f dlg X1-2 N71/FM7; Dp (1, 2) 65v/ϩ is a deficiency that uncovers the dlg locus (referred to as Df in the text). These dlg mutant stocks are described in Perrimon (1989) , Woods and Bryant (1991) , and Woods et al. (1996) . All anatomical experiments were done in dlg mutants over Df. Males from the stock B55 D /W32 P /C(1)M3 are deficient in the Sh genomic region and were used as controls for the specificity of the anti-Shaker antibody (Ferrús et al., 1990; Rogero and Tejedor, 1995) . Sh 102 is a mutant that produces a truncated form of Shaker protein (Gisselman et al., 1989) . BG487 is a Gal-4 P-element insertion strain isolated in a previous enhancer trap screen, and UAS-dlg transformants are described elsewhere . As wild-type control, the strain Canton-S was used. Genetic markers and balancer chromosomes are described in Lindsley and Zimm (1992) .
Immunocytochemistry and Western blot analysis. For anti-Shaker immunocytochemistry, body wall muscles were dissected on ice and fixed at 4ЊC for 15 min in fresh Bouin's and for 15 min in Bouin's containing 0.2% Triton X-100. After being washed [0.1 M phosphate buffer, pH 7.2, and 0.1% Triton X-100 (PBT)], samples were incubated overnight at 4ЊC and then for 1 hr at room temperature with 1:20 affinity-purified rabbit anti-Sh antiserum (Rogero and Tejedor, 1995) diluted in PBT containing 0.2% Triton X-100 and 5 mg/ml BSA (PBTS). Samples were washed and then incubated with 1:200 FITC-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA), washed, and incubated overnight at 4ЊC with a mouse anti-FITC monoclonal antibody (Sigma, St. Louis, MO) at 1:500 dilution. After washes, samples finally were incubated in 1:200 FITC-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch), washed again, mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, CA), and visualized under epifluorescence or confocal microscopy as in Lahey et al. (1994) . For doublelabeling experiments, anti-DLG antibody (Woods and Bryant, 1991; Lahey et al., 1994) was applied simultaneously with anti-FITC monoclonal at 1:250 dilution, followed by simultaneous incubation with Texas Red-conjugated donkey anti-rabbit and FITC-conjugated donkey antimouse. No specific staining was observed in controls in which one or both primary antibodies were omitted.
The procedures for the isolation of membrane and cytosolic fractions of Drosophila CNS and Western blot analysis of these proteins using anti-Shaker antiserum were described previously (Rogero and Tejedor, 1995) . Isolation and Western blot analysis of body-wall muscle proteins with anti-DLG are described in Lahey et al. (1994) , using anti-DLG antibody at a 1:10,000 dilution and HRP-conjugated anti-rabbit IgG at 1:2000 dilution.
Yeast two-hybrid assay. The coding sequence for the last 10 amino acids of Shaker B1 (Schwarz et al., 1988) was synthesized as complementary oligonucleotides and fused to the LexA DNA binding domain [13 of the last 14 amino acids are identical in all Drosophila Shaker splice variants, including the C-terminal four amino acids-ETDV (Schwarz et al., 1988) ]. The LexA-Kv1.4 C-terminal tail constructs (wild-type-ETDV, and mutant-ETDE) have been described previously (Kim et al., 1995) . PDZ domains of DLG [PDZ1-2 (amino acids 20 -265); or PDZ3 (amino acids 483-570)] were fused to the GAL-4 activation domain of the vector pGAD10. Analogous constructs of PDZ domains from PSD95 have been described (Kim et al., 1995) . Various combinations of these were transformed into the L40 yeast strain harboring the reporter genes HIS3 and ␤-galactosidase (␤-gal) (Bartel et al., 1993; Kim et al., 1995) . HIS3 activity was determined by the percentage of colonies growing on histidine-lacking medium, and ␤-gal activity was determined by the time required for colonies to turn blue in X-gal filter lift assay at room temperature.
Transfection experiments. Kv1.4, Shaker B1, and dlg cDNAs were subcloned into the mammalian expression vector GW1-CMV (British Biotechnology, Oxford, UK) and transfected into COS7 cells by the lipofectamine method (Life Technologies, Gaithersburg, MD). Cells were fixed with 2% formaldehyde 2 d after transfection and visualized by immunocytochemistry using anti-Kv1.4 (Sheng et al., 1992) or anti-DLG antibodies (Lahey et al., 1991; Woods and Bryant, 1991) .
RESULTS

Shaker and DLG are colocalized at Type I synaptic boutons
Colocalization of Shaker and DLG proteins is a prerequisite for their direct interaction in vivo. To determine whether there was spatial overlap between DLG and Shaker, we examined the distribution of these proteins in Drosophila larval body wall muscles using anti-DLG (Woods and Bryant, 1991; Lahey et al., 1994) and anti-Drosophila Shaker antibodies (Rogero and Tejedor, 1995) . The Shaker antibodies equally recognize all Shaker channel splice isoforms (Rogero and Tejedor, 1995) . Electrophysiological and genetic studies have demonstrated previously that a Shakermediated K ϩ current (I A ) is expressed in the larval body wall muscles (Wu and Haugland, 1985; Haugland and Wu, 1990) .
We found that Shaker immunoreactivity was concentrated around Type I synaptic boutons at the larval NMJ ( Fig. 1 A) . This immunoreactive pattern is highly reminiscent of anti-DLG immunoreactivity (Lahey et al., 1994) . Four types of potassium currents, including a delayed rectifier (I K ), two Ca 2ϩ -dependent potassium currents with different kinetic properties, and I A , which are mediated by channels coded in different genes, are found in the body wall muscles (Singh and Wu, 1989) . Therefore, it was important to determine the specificity of the anti-Shaker staining, although the antibody used was generated against a region of the Sh sequence with low homology to the other K ϩ channel genes (Rogero and Tejedor, 1995) . That the immunoreactivity observed at Type I boutons represented specific Shaker channel distribution was demonstrated by using Shaker-deficient larvae (Ferrús et al., 1990) , which were devoid of anti-Shaker immunoreactivity ( Fig. 1 B) .
At least three types of synapses, with different morphologies and containing different neurotransmitters, have been described in Drosophila NMJs (Johansen et al., 1989; Gorczyca et al., 1993; Monastirioti et al., 1995) . Of these, only the glutamatergic Type I synapses have been shown to contain DLG protein (Lahey et al., 1994) . This DLG expression at Type I synapses is regulated developmentally, being most prominent at presynaptic regions in the late embryo and at postsynaptic sites during larval stages . Significantly, Shaker immunoreactivity was found to be associated only with Type I synapses, and the Shaker staining pattern colocalized with that of DLG on those synapses ( Fig. 1C-E) . Thus, in wild-type flies, Shaker channels are concentrated at the same synaptic regions in which DLG is localized, consistent with a potential interaction of these two proteins in vivo. In contrast to anti-DLG immunoreactivity, which appears homogeneously distributed around Type I boutons, Shaker immunoreactivity exhibited more intense "hot spots" within the synaptic staining (Fig. 1 D) .
Direct in vitro interaction between Shaker and DLG
To examine whether direct protein-protein interactions occur between DLG and fly Shaker as previously demonstrated for PSD95 and the mammalian Shaker channel subunit Kv1.4 (Kim et al., 1995) , we used the semiquantitative yeast two-hybrid interaction assay (Fields and Song, 1989; Bartel et al., 1993) , based on the level of induction of the reporter genes HIS3 and ␤-gal. PDZ1-2 or PDZ3 domains from DLG and PSD95 were tested for binding to the last 10 amino acids of the C-terminal tail of Drosophila Shaker B1 and Kv1.4.
The C-terminal Shaker tail was found to bind strongly to the first two PDZ domains of DLG (PDZ1-2; Table 1 ). In contrast, no binding was observed between the Shaker C-terminal tail and the PDZ3 domain of DLG (Table 1) . This is identical to the binding specificity of Kv1.4 for the PDZ domains of PSD95. In fact, the C-terminal tail of Drosophila Shaker also bound to PDZ1-2 from PSD95, and similarly, mammalian Kv1.4 bound readily to DLG as well as PSD95 (Table 1) . A mutant Kv1.4 carrying the C-terminal sequence-ETDE was unable to interact with either PSD95 or DLG in the two-hybrid assay ( Table 1 ), confirming that the binding is dependent on the C-terminal PDZ binding motif. These results demonstrate that, as in mammals, Drosophila DLG and Shaker establish direct protein interactions via the binding of PDZ1-2 domains and the C terminus of the K ϩ channel.
To examine the cell biological correlates of such an interaction, we cotransfected DLG with Shaker channel subunits into cultured heterologous cells (Fig. 2) . When Kv1.4 or Shaker B1 cDNAs were singly transfected into COS7 cells, the K ϩ channel immunoreactivity was distributed diffusely throughout the cell (Fig .   Table 1 .
Binding of Shaker-type K ϩ channels by DLG as determined by semiquantitative yeast two-hybrid assay, based on induction of yeast reporter genes HIS3 and ␤-gal. 2 A,C). DLG expressed alone also exhibited a diffuse intracellular distribution pattern (Fig. 2 B) . However, when Kv1.4 was cotransfected with dlg, both the mammalian Shaker protein and DLG showed a redistribution into plaque-like clusters on or near the cell surface (Fig. 2 D,E) . The appearance of these Kv1.4 clusters was essentially identical to those resulting from Kv1.4 coexpression with PSD95 (Kim et al., 1995) . Thus Drosophila DLG can function like its mammalian homolog to cluster Shaker K ϩ channels in heterologous cells. However, in these COS7 clustering assays, DLG was consistently less efficient than PSD-95 in clustering Kv1.4 or Drosophila Shaker K ϩ channels (5-10%, compared with 40 -70%, respectively, as measured by the percentage of transfected cells with clear plaque-like clusters of K ϩ channels). Much weaker clustering effect also was observed with cotransfection of dlg and Drosophila Shaker (Fig. 2 F) . Because clustering efficiency depends critically on the absolute and relative expression levels of PSD95 and Kv1.4 (E. Kim, unpublished observations) , it is possible that poor expression of Drosophila DLG and Shaker in monkey COS7 cells could account for the quantitative difference. Alternatively, some facilitating factor required by Drosophila DLG/Shaker may be absent in COS7 cells.
DLG is required in vivo for both Shaker K ؉ channel clustering and synaptic targeting
Taken together with the in vivo colocalization data (Fig. 1) , the two-hybrid (Table 1 ) and heterologous transfection experiments (Fig. 2) suggest that a direct interaction between DLG and the C-terminal-ETDV sequence in Shaker may mediate the clustering of the K ϩ channel in synaptic regions. One prediction of this model is that specific deletion of the Shaker C-terminal sequence would disrupt synaptic clustering of Shaker channels at synapses in vivo. To test this hypothesis, we used a Sh mutant allele, Sh 102 , which lacks the C-terminal-ETDV motif (Gisselman et al., 1989) . In Sh 102 mutant flies, which contain a normal copy of dlg, Shaker channels failed to cluster and Type I boutons were devoid of Shaker immunoreactivity, in agreement with our model (Fig. 3 A) . In contrast, the distribution of DLG immunoreactivity at these boutons was normal (Fig. 3B) . The Shaker immunostaining in Sh 102 mutants appeared diffusely distributed at the muscle membrane, barely above background levels. This apparent decrease of the Shaker immunostaining is most likely attributable to the dilution of Shaker K ϩ channels in the whole muscle cell membrane. An alteration in the expression of the truncated Sh 102 protein attributable to anomalous insertion in the cellular membrane is very unlikely, because adequate expression of the mutant Shaker protein is observed in Western blot analyses of a membrane fraction (Fig. 3 C) .
Additional genetic evidence that DLG is required for Shaker channel clustering at synapses was obtained by examining dlg mutants (Fig. 4 A) (Woods and Bryant, 1991; Woods et al., 1996) . dlg X1-2 is a severe hypomorphic allele, and Ͻ5% of DLG protein, as determined by Western Blot analysis, is observed during larval stages (Fig. 4 B) . Recent molecular analysis of this allele suggests that, in addition to the reduced protein levels, a stop codon is introduced after the end of exon 8, predicting a truncated protein that lacks the GUK domain . However, in our studies we detected no size changes in DLG X1-2 protein (Fig. 4 B) . In dlg X1-2 mutant larvae, Shaker immunoreactivity was absent at Type I boutons, and very low levels were observed throughout the muscle as with the Sh 102 mutant (Fig. 3 A) . This did not seem to be the result of a lack of Shaker protein expression in dlg X1-2 , but rather to a mislocalization or lack of clustering of the protein, because Shaker immunoreactivity was still quite intense in the larval brain (data not shown).
Several domain-specific mutations in the dlg gene have been isolated, providing the opportunity to test whether Shaker channel localization is altered in these mutants and which regions of DLG may be required for this function. In dlg v59 , dlg 1p20 , and dlg sw , different extents of the GUK domain region are deleted, but SH3 and PDZ domains are normal (Woods and Bryant, 1991;  Fig. 4 A) . In dlg m30 , a point mutation results in the substitution of a highly conserved leucine to proline in the SH3 domain, without altering PDZ and GUK domains. Although it is not clear whether this point mutation disrupts the SH3 domain, dlg m30 mutant animals develop large neoplastic tumors and die at the beginning of metamorphosis. This observation suggests that dlg function is abnormal in this mutant allele. In dlg m52 a splicing defect reveals a stop codon in intron 5, resulting in a truncated protein containing PDZ1, PDZ2, and the beginning of PDZ3 Fig. 4A) . Normal clustering of Shaker channels at the NMJ was observed in dlg v59 (Fig. 4 D) . In contrast, the clustering of Shaker protein around synaptic boutons was disrupted in dlg m52 (Fig. 5) . In these mutants Shaker immunoreactivity was absent from Type I synapses. However, bright Shaker immunoreactive clusters were observed at nonsynaptic locations, often near the one or two muscle nuclei most proximal to the NMJ, but away from synaptic boutons (Fig. 5 A,B) . These results indicate that in dlg mutants the formation of Shaker clusters, which depend on PDZ1-2, is still present but that the targeting of channel clusters to the appropriate synaptic regions is disrupted. This model is summarized in Figure 6 .
To determine whether the abnormal distribution of Shaker in (Rogero and Tejedor, 1995) . Note the absence of proteolysis products and the very low levels of Sh 102 protein in the cytosolic fraction, suggesting normal insertion of the truncated Sh protein in the plasma membrane. (Woods and Bryant, 1991; Woods et al., 1996) . Black, Intact protein region; gray, deleted protein region; asterisk, amino acid substitution. The vertical black bar between SH3 and GUK represents localization of the putative band 4.1 binding site. B, Western blot of body-wall muscle proteins stained with anti-DLG antibodies. Two bands of 97 and 108 kDa are observed in both wild-type and mutants, but the levels in dlg X1-2 are decreased to Ͻ5% of wild-type levels. dlg m52 mutants could be restored by the presence of normal DLG protein, we used the Gal-4 enhancer trap system to drive DLG expression in the muscle cells (Brand and Perrimon, 1993) . For this experiment we used a Gal-4 P-element insertion strain, BG487, which shows strong Gal-4 expression in muscles 6 and 7 throughout the larval period, as determined in BG487/UAS-LacZ larvae. Besides a few sensory cell bodies and salivary glands, no other tissue expresses detectable levels of Gal-4 during embryonic and larval stages . To drive DLG expression in muscles 6 and 7, we crossed dlg m52 mutants containing the BG487 insertion to the deficiency stain transformant containing a UAS-dlg element . We found that in the progeny (dlg m52 /Df;BG487/UAS-dlg) Shaker immunoreactivity was normally distributed at Type I boutons and that only small ectopic clusters could be observed (Fig. 5C ). This result shows that targeting DLG to muscle cells rescues the abnormal Shaker clustering phenotype of dlg m52 mutants.
DISCUSSION
In this paper we show that in Drosophila DLG interacts directly with Shaker K ϩ channels and that this interaction is essential for clustering and targeting these channels to proper junctional domains in the intact animal. The clustering function had been suggested previously by in vitro studies with mammalian dlg homologs (Kim et al., 1995; . However, this is the first study to demonstrate that this clustering activity is significant for the organization of a synaptic component in vivo. In addition, our genetic dissection of the process of Shaker channel organization at the synapse provides evidence for an additional role of DLG-the targeting of channels to synaptic regions.
The combined genetic and molecular data provide compelling evidence that the clustering of Shaker channels depends on the integrity of PDZ1-2 in DLG and the C-terminal-ETDV motif in Shaker; these are the domains that mediate the direct interaction between the two proteins. However, in dlg mutants in which only PDZ1-2 domains remain intact (dlg m52 ), Shaker clusters apparently still can form, but these clusters are localized at ectopic sites, away from their normal synaptic location (Fig. 6) . The ectopic clustering could be rescued by targeting DLG expression to the muscle cells during the postembryonic period, demonstrating that this phenotype is dependent on the presence of intact DLG protein.
Thus, the dlg m52 phenotype suggests that a region of the DLG protein C-terminal to PDZ1-2 plays a role in targeting Shaker clusters to synapses. This synaptic targeting is unlikely to involve the SH3 and GUK domains, as evidenced by the results with dlg v59 , dlg 1p20 , dlg sw , and dlg m30 alleles (Fig. 6) . A well conserved cytoskeletal binding motif that binds to protein 4.1 has been identified in several dlg homologs (Lue et al., 1994) . Band 4.1 has been associated with the function of linking membrane proteins to the underlying actin/spectrin cytoskeleton (Marchesi, 1985) . The 4.1 binding motif is also present in Drosophila DLG (Lue et al., 1994) and is a potential candidate for the anchoring of Shaker clusters to synapses. A gene encoding for a band 4.1 homolog is encoded by the coracle gene. Like DLG, COR is localized at septate junctions in epithelial tissues (Fehon et al., 1994) . However, COR is not colocalized with DLG at the larval NMJ (V. Budnik, unpublished observations).
The genetic analysis of Shaker channel clustering also provides intriguing evidence for segregation of other in vivo functions among different domains of the DLG protein. Although our results indicate that the SH3 and GUK domains are not necessary for DLG to cluster Shaker channels at synapses, the GUK domain is essential for normal development of Type I bouton postsynaptic morphology (Lahey et al., 1994; Budnik et al., 1996; Guan et al., 1996) . Moreover, both SH3 and GUK domains are required for the tumor suppressor activity of DLG in the CNS and imaginal disk epithelial cells (Woods and Bryant, 1991; Woods et al., 1996) . Although potential signaling roles of SH3 and GUK domains have been speculated on, the functions of these domains remain to be determined, both in epithelial cell and synaptic junctions (Woods and Bryant, 1993) .
The protein rapsyn associates with nicotinic AChR and is involved in the mechanism of postsynaptic AChR clustering at the mammalian neuromuscular junction (Apel and Merlie, 1995) . Because PSD95 family proteins bind and cluster the NMDA subclass of ionotropic glutamate receptors in addition to Shaker K ϩ channels (Kim et al., 1995 Kornau et al., 1995; Niethammer et al., 1996) , they have been suggested to play a role similar to rapsyn at glutamatergic synapses in the mammalian CNS (Kim et al., 1995 Budnik, 1996; Gomperts, 1996) . In this regard, it is pertinent that DLG seems to have an important channel clustering function at the fly neuromuscular junction, which also uses glutamate as its main excitatory neurotransmitter. Interestingly, the two-hybrid and heterologous cell transfection experiments show that PDZ1-2 domains of both PSD95 and DLG can interact with either the mammalian or the fly Shaker channel. This observation shows that PDZ1-2 domains have retained their ligand-binding specificities despite some divergence in sequence (65% identity between PDZ1-2 of rat PSD95 and Drosophila DLG, as compared with 82-87% identity in this region among different members of the mammalian PSD95 family).
Our in vivo observations indicate that DLG and DLG-like proteins provide one mechanism by which the precise localization of ion channels and other proteins at synaptic regions is regulated. For example, studies of synapse structure in dlg mutants show that postsynaptic specializations at Type I boutons are underdeveloped (Lahey et al., 1994; Guan et al., 1996) . This phenotype may be related to the clustering of synaptic components, such as cytoskeletal and membrane elements, required to modify synapse structure during development. Alternatively, changes in the clustering of ion channels may modify the normal synaptic activity patterns required for a correct development of NMJs (Budnik et al., 1990; Broadie and Bate, 1993; Jarecki and Keshishian, 1996) . However, different domains of the DLG protein seem to be required for Shaker channel clustering and the development of postsynaptic structure. For example, postsynaptic structure is altered in both dlg v59 and dlg m52 (Lahey et al., 1994; Guan et al., 1996) , whereas Shaker channel clustering appears normal in dlg v59 . The diversity of channels and receptors in the central and peripheral nervous systems predicts that a large number of molecules are necessary for the proper molecular architecture of synapses. The study of DLG-like proteins, rapsyn, and gephyrin, is forming the framework by which we are beginning to understand the mechanisms of synapse assembly. A, In wild-type, Shaker channels are clustered at the muscle junctional region by the interaction of their carboxyl-ETDV motif and PDZ1-2 of DLG. B, In the absence of DLG, Shaker channels fail to aggregate at the junction and remain diffusely distributed along the muscle membrane. C, When only PDZ1-2 domains are intact in DLG, Shaker channels are clustered, but at extrajunctional regions of the muscle membrane. D, Lack of ET/SXV motif in Shaker channels prevents their clustering and their localization at the junction even when DLG is normally localized. E, Abnormal SH3 or GUK domains do not prevent Shaker clustering at the junction.
